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The concept of mass-generation via the Higgs
mechanism was strongly inspired by earlier works
on the Meissner-Ochsenfeld effect in supercon-
ductors. In quantum field theory, the excitations
of longitudinal components of the Higgs field
manifest as massive Higgs bosons. The analogous
Higgs mode in superconductors has not yet been
observed due to its rapid decay into particle-hole
pairs. Following recent theories, however, the
Higgs mode should decrease below the pairing
gap 2∆ and become visible in two-dimensional
systems close to the superconductor-insulator
transition (SIT). For experimental verification,
we measured the complex terahertz transmission
and tunneling density of states (DOS) of various
thin films of superconducting NbN and InO
close to criticality. Comparing both techniques
reveals a growing discrepancy between the finite
2∆ and the threshold energy for electromagnetic
absorption which vanishes critically towards the
SIT. We identify the excess absorption below 2∆
as a strong evidence of the Higgs mode in two
dimensional quantum critical superconductors.
The Higgs mechanism, which has great implications to
recent developments in particle physics [1], originates in
Anderson’s pioneering work on symmetry breaking with
gauge fields in superconductors [2]. A superconductor
spontaneously breaks continuous U(1) symmetry and ac-
quires the well-known Mexican hat potential with a de-
generate circle of minima described by the order param-
eter Ψ = Aeiϕ, see Fig. 1a. Excitations from the ground
state can be classified as transverse Nambu-Goldstone
(phase) modes and massive longitudinal Higgs (ampli-
tude) modes (see blue and red lines in Fig. 1a). In
particle physics, the latter manifest themselves as the
Higgs boson which was recently discovered at CERN [3].
Indications of a Higgs mode in correlated many-body sys-
tems have been found in one-dimensional charge-density-
wave systems [4], quantum antiferromagnets [5] and two-
dimensional superfluid to Mott transition in cold atoms
[6]. An amplitude mode, also named Higgs mode, was
theoretically predicted for superconductors [7] and re-
cently reported to be measured by pump-probe spec-
troscopy [8]. This amplitude mode describes pairing
fluctuations, which are qualitatively distinct from the
purely bosonic mode expected from the O(2) field the-
ory. The Higgs-amplitude mode analogous to the high-
energy Higgs Boson has not yet been observed in super-
conductors. A partial reason is that in homogeneous,
BCS superconductors the Higgs mode is short-lived and
decays to particle hole (Bogoliubov) pairs [9, 10]. Nev-
ertheless, collective modes were recently predicted to be
significant in strongly disordered superconductors [11],
and, in particular it was shown [12–14] that the Higgs
mode softens but remains sufficiently sharp near a quan-
tum critical point (QCP) in two dimensions since it is
found to be a critical energy scale of the quantum phase
transition. Hence, the Higgs mass can be reduced below
twice the pairing gap, 2∆, making this mode experimen-
tally visible. Such a critical point has been suggested to
be relevant for the SIT in two dimensional films.
The desired quantum phase transition (QPT) from
a superconductor to an insulator can be tuned by
introducing disorder on atomic length scales. It has
been shown both experimentally [15–19] and theo-
retically [20–22] that though being morphologically
homogeneous, with increasing disorder superconducting
films can progressively become electronically granular
on length scales comparable to the superconducting
coherence length. While for modest disorder the su-
perconducting state is hardly affected, strong disorder
near the QCP decomposes the homogeneous state into
individual superconducting islands. In this scenario, the
QPT takes place at the critical disorder when phase
fluctuations between different islands destroy the global
phase coherence and the superfluid density ρs vanishes
on a macroscopic length scale [23]. Consequently, the
loss of global phase coherence does not necessarily cause
the pairing gap ∆ to close as the decoupled islands
still remain superconducting. The value of the critical
temperature Tc in the vicinity of the QPT is thus not
defined by the opening of a gap in the quasiparticle
density of states, but rather by the presence of a global
phase coherence. Indeed, finite values of ∆ in strongly
disordered thin films were experimentally observed
2FIG. 1. (Color online) Broken U(1)-symmetry phase and quantum Monte Carlo calculation of the Higgs conduc-
tivity.a. When symmetry is broken, the potential acquires a Mexican hat shape with a circle of potential minima along the
brim (black solid circle). Transverse modes of the order parameter Ψ = Aeiϕ along the brim (red line) are Nambu-Goldstone
(phase) modes, and longitudinal modes (blue line) are Higgs (amplitude) modes associated with a finite energy. In super-
conductivity, the potential corresponds to the free energy. b. The Higgs mode gives rise to low-frequency conductivity (in
units of 4e2/h), that grows as disorder p (fraction of disconnected superconducting islands) is increased and remains finite
through the quantum phase transition (orange line). At the quantum critical point, pc = 0.337, the superfluid density, ρs, in
the superconducting phase vanishes and the quasiparticle gap, ∆, remains finite whereas in the insulator ωpair, which is the
energy to insert a Cooper-pair to the insulator, goes to zero. Results for specific disorder (blue, green, and red dashed lines)
and compared to experiment, see Fig. 3. For details of the calculation see [25].
in tunneling spectroscopy experiments where Tc was
already vanishingly small on the superconducting side
or even zero on the insulating side of the QPT [18, 24].
Near the QPT one expects two critical energy scales:
on the insulating side, a charge gap ωpair, which is the
energy required to insert a Cooper-pair into the pair
insulator [23], and on the superconducting side, the
Higgs (amplitude) mass gap. Both energy scales should
vanish at the QPT.
Assuming the presence of a Higgs mode in the
superconducting thin film, what would be the most
suited experimental quantity to detect it? The Higgs
mode is a finite-energy oscillation of the order parameter
magnitude |Ψ|. It can be probed by the dynamical
conductivity σˆ(ω) which depends on the current-current
correlation function 〈[j(t), j(0)]〉. At low temperatures,
the current is dominated by the Cooper pair current
j ∼ (2e)Im{Ψ∗∇Ψ} ≃ (2e)|Ψ|2∇ϕ, where ϕ is the local
phase field and e the elementary charge. As a result, the
conductivity depends on a convolution of the amplitude
and phase fluctuations.
How would the Higgs mode contribute to the dynami-
cal conductivity? Theoretically it is predicted to give rise
to excess conductivity at sub-gap frequencies [12] which
we will refer to as Higgs conductivity, σˆH(ω), in the re-
mainder of the paper. In non-disordered systems [13]
σH1 (ω) shows a hard gap at frequencies similar to the su-
perconducting gap, ω ∼ 2∆/h¯, that is associated with
the energy scale of the Higgs mode, mH . This gap be-
comes softer as the system approaches the QPT, reaching
zero at the critical point. Recently, Swanson and col-
laborators [25] studied the effect of disorder on the dy-
namical conductivity across the superconductor-insulator
QPT employing quantum Monte Carlo methods and ex-
tracted the excess low-frequency contribution, see Fig.
1b. The calculations show that the presence of disorder
suppresses mH so that σ
H
1 (ω) remains finite across the
QPT. This excess conductivity adds to the conductivity
stemming from the superfluid condensate and the quasi-
particle dynamics, so that one can write
σˆ(ω) = σ1(ω)+iσ2(ω) = Aρsδ(ω) + σˆ
qp(ω)︸ ︷︷ ︸
σˆBCS(ω)
+σˆH(ω) (1)
where ρs is the superfluid density and A is a constant,[28].
In order to experimentally search for the contribution
of the Higgs mode, we have studied disordered supercon-
ducting films of NbN and InO by means of THz spec-
troscopy. Since the superconducting energy gaps are
of the order of 0.1 − 1 THz, optical spectroscopy in
this regime is an alternative method to tunneling spec-
troscopy for the measurement of 2∆. Most important,
unlike tunneling which measures the density of states of
the quasiparticles, optical spectroscopy probes a complex
response function, σˆexp, that constitutes from the super-
fluid condensate, the quasiparticle dynamics and collec-
tive modes, see Eq. (1). One can decompose the optically
measured conductivity into the regular BCS contribution
and the contribution of the collective excitations. The
first one is modeled by the Mattis-Bardeen (MB) theory
for ordinary superconductors using our tunneling spec-
troscopy results as input to fix the absolute numbers.
The difference to the experimental data determines the
Higgs mode simply by calculating
σH1 (ω) = σ
exp
1 (ω)− σ
BCS
1 (ω). (2)
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FIG. 2. Tunneling versus optical spectroscopy. a,b Experimental results on low disordered NbN samples. Panel (a) shows
the measured tunneling conductance spectrum (green triangles) alongside a fit to BCS (black line) with a Dynes broadening
parameter, Γ. Panel (b) shows the real part of the dynamical conductivity, σ1, versus frequency (energy) at temperatures below
and above Tc = 9.5K. The low temperature curve is fitted (green line) to Mattis-Bardeen while plugging in the energy gap
value obtained in the corresponding tunneling result, ∆t. c, summary of the quasiparticle tunneling gap, ∆t (green symbols),
measured by planner tunneling junctions or scanning tunneling microscope (STM), versus Ω, the frequency at which σ1(ω)
is minimal (blue symbols) obtained from optical spectroscopy for several superconducting NbN and InO films spanning the
different degrees of disorder. While the quasiparticle gap, ∆t, remains fairly unchanged with increasing disorder and basically
falls on the BCS strong coupling limit ratio, Ω is significantly suppressed. According to Mattis-Bardeen theory, for ideal
superconductors σ1 is minimal at a frequency Ω that corresponds to 2∆. The discrepancy between both spectroscopic probes
increases towards the highly disordered limit signaling the presence of additional modes superposing the quasiparticle response.
The solid red line corresponds to the analytical prediction of mH close to a QPT calculated by Podolsky et. al. [12].d,e,
Experimental results on high disordered NbN samples. Panel (d) shows the measured tunneling conductance spectrum (green
triangles) alongside a fit to BCS (black line) with a Dynes broadening parameter, Γ. Panel (e) shows the real part of the
dynamical conductivity, σ1, versus frequency (energy) at temperatures below and above TC = 4.2K. The low temperature
curve is fitted (green line) to Mattis-Bardeen while plugging in the energy gap value obtained in the corresponding tunneling
result. Unlike in the case of the low disordered sample, these two curves differ. The excess spectral weight, marked in yellow
and defined as the difference between the curves, is attributed to the Higgs contribution, σH1 , see text. The error bars for σ1
in the graphs are determined by the distortion of the Fabry Perot oscillations due to parasatic radiation, standing waves and
electronic noise
We have measured the complex transmission coefficient
of several thin-film samples with different degrees of dis-
order utilizing Mach-Zehnder interferometry. Measure-
ments were performed in the frequency domain between
0.05−1.2THz (corresponding to 1.7−40 cm−1 or 0.18−5
meV) for temperatures above and well below Tc. From
this we directly obtain the real and imaginary parts, σexp1
and σexp2 , of the dynamical conductivity, in a individual
manner without Kramers-Kronig analysis. According to
MB theory, σ1 is minimal at a frequency Ω that cor-
responds to twice the superconducting energy gap, 2∆.
Furthermore, the superfluid density is related to σ2(ω)
ρs =
σ2(ω)mω
e2
, (3)
where m is the electron mass and e is the elementary
charge. This robust approach is well established to
study superconducting thin films. For more details see
the methods section and, e.g., [26–29]. Fig. 2b,e shows
the real part of the conductivity σexp1 (ω) for modestly
(Tc = 9.5K) and strongly (Tc = 4.2K) disordered NbN
in the normal state and well below Tc together with the
fits to the Mattis-Bardeen prediction for the disordered
regime [30]. In both cases, σexp1 (ω) is featureless in the
normal state following a simple Drude behaviour with
a scattering rate well above the THz range, whereas
σexp1 (ω) is strongly suppressed in the superconducting
state. The ordered sample is fitted perfectly by the
Mattis-Bardeen theory. The onset of the high-frequency
upturn coincides with twice the energy gap, ∆t, obtained
by tunneling spectroscopy performed on a similar sample
[24], as seen in Fig.2a. The situation is remarkably
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FIG. 3. Higgs conductivity and spectral weight. a, Experimental and theoretical results for the Higgs conductivity
σH1 as a function of energy for three NbN films of different disorder. The numerical results [25] were obtained for a fixed
value of EC/EJ , whereas the degree of disorder, reflecting breaking bonds between the superconducting islands, is denoted by
p. Qualitative and quantitative features are shared by both experiment and theory. The sharp lines in the experiment data
are due to interpolation between measured data points. b, Charge carrier density N in the normal state obtained from Hall
measurements (black squares) and superfluid density, ρs, measured by optical spectroscopy as functions of Tc/T
clean
c (reflecting
the degree of disorder). Note the faster decrease of ρs with increasing disorder, indicating the vanishing contribution of the
superfluid condensate to the spectral weight. c, the redistribution of the ’missing’ spectral weight s between normal and
superconducting state versus the superfluid density ρs, as defined in Eq. (4). The observed linear relation indicates that the
redistribution of the spectral weight occurs within our measured energy spectrum.
different for the strongly disordered sample. Here the
decrease towards low frequencies is not at all captured
by BCS theory (green curve). In fact, using ∆t extracted
from corresponding tunneling experiment, as seen in
Fig.2d, yields a curve which is significantly below
σexp1 (ω). With increasing disorder, both the discrepancy
between 2∆t and Ω and the insufficiency of Mattis-
Bardeen fits become progressively worse. This trend
is demonstrated in Fig. 2c where we compare results
from both techniques on a large number of NbN and
InO samples spanning the various degrees of disorder
(measured in terms of the normalized critical temper-
ature, T˜c = Tc/T
clean
c ). For small disorder, T˜c ≃ 1,
tunneling and THz spectroscopy yield the same value
for the superconducting energy gap. Upon increasing
disorder (decreasing T˜c) the discrepancy becomes more
and more pronounced. For the most-disordered samples,
we find about one order of magnitude difference between
corresponding values. We assign these differences to
an absorption process stemming from the Higgs mode
that becomes progressively prominent as the system
approaches the quantum critical point. This explains
the discrepancy in the sense that Ω in the strong-
disorder limit no longer equals 2∆ as a consequence
of the additional conductivity σH1 (ω) of the emergent
Higgs mode. The previously prominent spectral feature
marking the gap frequency is now hidden in the shoulder
at higher frequencies. Although a distinct experimental
determination of Ω becomes progressively difficult as
it is pushed to low frequencies, we note the resem-
blance between Ω and the theoretical prediction of mH
in the vicinity of the critical point [12], as seen in Fig. 2c.
We now explore the evolution of the observed addi-
tional excess weight associated with the Higgs conduc-
tivity, σH1 (ω), as defined in Eq. (2), and compare these
measured results with recent numerical simulations de-
tailed in ref. [25] and sketched in Fig. 1b. Fig. 3a shows
the measured σH1 (ω) for three disordered NbN films with
different Tc = 6.7, 5 and 4.2K and the theoretical calcu-
lation for corresponding values of disorder p = 0.075, 0.1
and 0.125. We note that one cannot expect a perfect
quantitative agreement since the theory assumes that 2∆
is much larger than the Higgs mode energy, whereas ex-
perimentally they are of the same order of magnitude.
Nevertheless, the overall behaviour and even quantitative
trends are shared by theory and experiment: There is a
pronounced peak of σH(ω) that shifts towards smaller
frequencies and becomes sharper with increasing disor-
der.
The appearance of the Higgs mode must go along with
a redistribution of the spectral weight as this quantity
is strictly conserved; it measures the total charge carrier
density N in the system [28]. In accordance with the
bosonic model of the SIT sketched above, the strength
of the δ-peak, i.e. the superfluid density ρs, dwindles to
zero in the vicinity of the quantum critical point. Fig.
3b displays ρs for disordered NbN films extracted from
the imaginary part of the conductivity, using Eq. (3)
and N in the normal state obtained from Hall measure-
ments. While ρs is reduced by about 2 orders or mag-
nitude with increasing disorder, N is much less affected.
According to the Ferrell-Tinkham-Glover sum rule [28]
for the ’missing’ spectral weight s between normal and
5superconducting states,
s =
∫
∞
0+
dω[σn1 (ω)− σ
s
1(ω)] ∼ ρs, (4)
a reduced superfluid density ρs upon increasing disorder
leads to a reduced value of s. As the quasiparticle gap
remains fairly unchanged with disorder, this necessarily
causes the spectral weight contribution of the Higgs
mode,
∫
dωσH1 (ω), to become more pronounced. Fig. 3c
depicts the detected linear relation between the missing
spectral weight, s, and the superfluid density, ρs, for
several films with different degree of disorder, thus
providing the self consistency of the above argument and
eliminating the possibility of a redistributed spectral
weight to higher frequencies (due to a sudden change in
the scattering rate, for example).
We conclude that the low-frequency absorption ob-
served by optical spectroscopy originates from the Higgs
mode in superconductors close to a quantum phase tran-
sition. As the system approaches the critical point, the
energy scale for this mode decreases and its magnitude
grows, exhibiting quantitative agreement with numerical
simulations.
The study of the properties of disordered superconduc-
tors is a subject of ongoing intense activity, mostly be-
cause it is viewed as being one of the few physical systems
that can be tuned through a two dimensional quantum
critical point, which is not mean-field-like. The softening
of the Higgs mode is a direct proof that the SIT transition
is a quantum critical point in which a diverging timescale
is detected. Evidently, the vicinity to the QPT offers a
unique opportunity to study the nature of the low energy
collective excitations in superconductors. Going beyond
disordered superconductors, our findings can play a role
in tracing collective excitations in other quantum critical
condensed matter systems and might influence related
fields such as Bose-condensed ultracold atoms, quantum
statistical mechanics and high energy physics.
Methods
The InO films were deposited on 10x10mm2 of THz-
transparent MgO or sapphire substrates (with various
thickness ranging from 0.5 to 1.5mm) by e-gun evapo-
ration. During the deposition process dry oxygen was
injected into the chamber; the partial oxygen pressure
allows us to tune the disorder. The NbN films were
grown on similar MgO substrates by reactive magnetron
sputtering, where the Nb/N ratio in the plasma served
as a disorder tuning parameter. In both cases the de-
posited films were structurally homogeneous; the thick-
ness ranges from 15 to 40nm. DC transport measure-
ments were used to characterize Tc. THz spectroscopy
was applied in the past to confirm the BCS theory since
it probes the energy range of the superconducting gap
[26, 27, 29]. The experimental setup [26, 27] is based
on several backward wave oscillators as a powerful ra-
diation sources to emit continuous-wave, coherent radi-
ation which, in sum, can be tuned over the frequency
range of 0.05 − 1.2THz, corresponding a photon en-
ergy of 0.18 − 5meV. We employ a quasi-optical Mach-
Zehnder interferometer to measure the complex trans-
mission T = teiθ with t the amplitude and θ the phase
shift of radiation passing through the sample under study
from which the complex conductivity, σˆ(ω), is directly
calculated. The samples were mounted in an optical
4He cryostat with a continuously accessible temperature
range spanning from 300 to 1.85K. To further proceed
with the experimental data, we employ two analysis rou-
tines. In the first one, t and θ are simultaneously fit-
ted to a combination of Fresnel equations (for multiple
reflections) [28] for the optics and a suited microscopic
model for the charge carrier dynamics (i.e. Drude theory
for the metallic and BCS theory for the superconduct-
ing state complemented by a finite scattering rate [30]).
Free-electron parameters (such as the scattering rate or
plasma frequency) required for the BCS fit are taken from
Drude fits to the normal-state t and θ slightly above the
superconducting transition. The superconducting energy
gap 2∆ is then obtained as the sole fit parameter. While
this approach is well established for BCS-type, i.e. non-
disordered, superconducting systems, it fails for disor-
dered systems beyond the Anderson limit. The second
routine is suited for systems where no microscopic model
is available, i.e. strongly disordered systems. In a nar-
row band around each Fabry-Perot resonance (which are
caused by the finite thickness of the sample), we fit t and
θ to exclusively the Fresnel equations using σ1 and σ2
as fit parameters. Depending on the optical thickness
of the substrate this routine yields 10 to 15 pairs of σ1
and σ2 for each resonance frequency ωi. Details of the
experimental setup and analysis routines are found, e.g.,
in [26–29, 31]
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